Introduction
Arthropod photoreceptors release histamine as their major neurotransmitter (1) . However, the histamine receptor on the postsynaptic, target neuron involved in photoreceptor synaptic transmission has not been identified definitively, either in vivo or in vitro. From whole-cell recordings of dissociated large laminar monopolar neurons, L1/L2, to which the major class of fly photoreceptors (R1-6) synapse, Hardie (2) provided evidence that the responses of L1/L2 are mediated through chloride channels that are most likely gated directly by histamine. However, until recently, all histamine receptors identified were G protein-coupled receptors (3) (4) (5) (6) (7) . Recently, Zheng et al. (8) and Gisselmann et al. (9) showed that two of the genes identified in the Drosophila Genome Project database encode chloride channel subunits which are sensitive to histamine when expressed in oocytes. However, evidence that they are, indeed, the receptors involved in synaptic transmission from photoreceptors is still not available. Moreover, in vivo functions of the newly identified chloride channels remain unelucidated.
In this work, we approached the identification of the presumptive histamine receptor for photoreceptor synaptic transmission genetically using the fruitfly Drosophila. The fly electroretinogram (ERG), the extracellularly recorded, light-evoked mass response of the eye, consists of a sustained, corneal-negative, receptor component and transient components at the on-and offsets of light stimulus (see Fig. 3A ). A body of evidence has suggested from early on that the on-and off-transients of the ERG originate from the large laminar monopolar neurons, L1 and L2 (summarized in: 10,11). It was thus hypothesized that the on-/off-transient-defective mutants are deficient in synaptic transmission (12) .
Indeed, every mutant known to be defective in synaptic transmission isolated to date has been shown to lack or have reduced on-/off-transients (e.g., [13] [14] [15] [16] [17] . Among the many ERG-defective mutants isolated by the Pak laboratory (see reviews : 11,12,18,19) were those with defective on-/off-transients but a normal receptor component. We hypothesized that, among these transient-defective mutants isolated might be those harboring mutations in the gene(s) encoding subunits of the histamine receptor in the L1/L2 neurons. Accordingly, we assayed representative members of this class of mutants for defects in the by guest on http://www.jbc.org/ Downloaded from ort (hclA)-encoded histamine receptor subunit 5 responses of L1/L2 to bath application of histamine for the purpose of isolating the corresponding gene.
We show that mutants of a single complementation group, named ort (ora transientless) (20) , have defective responses of L1/L2 and that the complementation group corresponds to the gene, CG7411, identified in the Drosophila Genome Project database. The gene encodes a chloride channel subunit, which is expressed in the lamina and has been shown to form histamine-sensitive chloride channels in the Xenopus oocyte expression system (8, 9) .
Experimental Procedures

Fly stocks
There are seven known alleles of ort in our collection: ort P306 , ort P364 , ort US2515 , ort US6096 , ort US1471 , ort US1606 , and ora JK84 . The first two of these were isolated in the Pak laboratory, and the remainder were isolated in the J. Merriam laboratory at UCLA, both by ethyl methanesulfonate mutagenesis. Flies homozygous for ort US1471 and ort US1606 have low viability, reproduce poorly, and are kept on a balancer. ora JK84 is a double mutant with lesions in both ort and the opsin gene, ninaE (20) . These three alleles
were not used in the present work. ora JK84 , ort US1471 , ort US1606 , and ort US6096 are referred to as ort 1 , ort 2 , ort 3 , and ort 5 , respectively, in Lindsley and Zimm (21) . The others are not listed.
Three of the thirteen mutants used in whole cell recordings of L1/L2 (JK1285, JK1669, and JK1469) (see legend to Fig. 2 ) were also isolated in the Merriam laboratory at UCLA. The remaining 10
were isolated in the Pak laboratory.
Oregon R was used as the wild-type control strain throughout.
ERG recording
The ERGs were recorded as described in Larrivee et al. (22) , using glass microelectrodes filled with Hoyle's saline. The light stimuli originated from a tungsten halogen lamp (Bausch & Lomb) and were delivered to the preparation with a fiber optics light guide. for orange stimuli. The unattenuated intensity at the level of the fly was approx. 47 mW/cm 2 .
Whole cell recording
Dissociated laminar neurons were prepared as previously described (23) from one-day old flies.
Briefly, retinas with attached laminas were dissected from ca. five fly heads in calcium-free Ringer and incubated for 30' in the same solution with 3 mg/ml collagenase (Sigma type I). After washing in Ringer with added fetal calf serum (FCS) (10%), the retinas and laminas were triturated using fire-polished pipettes, before plating in a Perspex recording chamber on the stage of a Zeiss IM inverted microscope.
Whole-cell voltage clamp recordings were made from cell bodies of the appropriate size (ca. 4-7 0 IRU // using electrodes of resistance ca. 10 MΩ. Series resistance values were generally below 25
MΩ and were routinely compensated to 80%. Data were collected and analyzed using an Axopatch 1-D amplifier and pCLAMP 5 software (Axon Instruments, Foster City CA).
Histamine application
After forming the whole-cell configuration, L1/L2 cell bodies were gently raised from the coverslip and brought in front of the perfusion device. This device consisted of a perspex block with ten 0.5 mm square cross-section channels separated by 0. US2515 , and ort US6096 , by using a PolyATtract 1000 mRNA Isolation Kit (Promega). The eya mutants were included to identify transcripts that are expressed predominantly in the eye, since they lack the compound eyes and most of the lamina (25, 26) . Approximately 1.5 µg of total mRNA were loaded in each lane, and the samples were separated by electrophoresis, blotted onto Hybond N membrane (Amersham), and UV-crosslinked to the membrane. The RNA blot was probed with 32 P-labeled hclA cDNA. As a loading control, the same blots were re-probed with ribosomal rp49 cDNA (27) . All probes were radiolabeled with random primers. Hybridization and stringency washes were performed at 68 o C using standard protocols. Heat shock treatment was carried out by exposing the pupae to 35 o C for one hour a day for 5 days or till eclosion. Sibling transformants that were not exposed to heat shock served as controls. ERG recordings were performed within 24 hr after eclosion.
Germline rescue by P element-mediated transformation
In situ hybridization and immunostaining
Coronal head sections (10 µm thick) were cut with a cryostat from wild-type flies, marked with The dramatic shift in EC 50 was strongly suggestive of a direct effect on the channel protein itself.
Furthermore, the shift seemed sufficiently large to result in the failure of effective synaptic transmission and, hence, the loss of ERG transients. It thus seemed likely that the mutation was in a gene encoding at least one subunit of the histamine-gated chloride channel in L1/L2.
The ERG phenotype
The following four ort alleles were examined in this report: ort P306 , ort P364 , ort US2515 , and ort US6096 .
Mutants homozygous for these alleles or bearing heteroallelic combinations lack the on-/off-transients of the ERG. Fig. 3A compares the ERG of a wild-type fly with that obtained from ort P306 . The on-/offtransients of the ERG (arrows), present in wild type (Fig. 3A , top trace), are missing in ort P306 (Fig. 3A, bottom trace) while the receptor component of the ERG is normal (Fig. 3A , bent arrow).
Identification of a candidate gene for ort
The cytogenetic location of the ort gene was determined by deficiency mapping. The deficiency, Df(3R)ora12, which deletes 92A6 through 92D2, uncovered the ort phenotype, while two other deficiencies, Df(3R)oraB16, which deletes 92A4-11 through 92A12-B1, and Df(3R)Dl-X43, which deletes 91F11 through 92A11-13, failed to uncover the ort phenotype. Thus, the ort locus was placed between 92A11 and 92B1 on the right arm of the third chromosome.
Previous attempts to isolate the ort gene by chromosomal walking of this region were not successful (29) . However, with the completion of the Drosophila Genome Project, it became possible to search the Drosophila genome for genes that are predicted to encode proteins bearing sequence homology to known proteins. (Fig. 3B) .
Isolation of the hclA and hclB cDNAs
To isolate cDNA clones for these two presumptive chloride channel genes, several gene-specific primers were designed based on sequences in the Drosophila database. Two cDNA clones, one for each rescue if hclA and ort were not one and the same. Thus, the fact that consistent and sizable rescue was obtained at all provided strong evidence that the cloned hclA cDNA corresponds to the ort gene.
Mutations in ort mutant alleles
To further confirm the identity between hclA and ort, both the hclA coding region and the 5' untranslated region were isolated from the ort P306 , ort P364 , ort US2515 , and ort US6096 mutants and sequenced to see whether there are any mutations in these regions of these ort alleles. If hclA and ort were the same, at least some of the ort alleles are expected to contain sequence alterations in the regions sequenced. In the ort P306 mutant, a stretch of eight-nucleotides (-276 to -269 where the proposed translation start site is +1) was found to be missing in the 5' untranslated region of hclA cDNA, while in ort
US6096
, the three nucleotides, CCA, at +359 to +361 in the coding region were substituted by the two nucleotides, AG, resulting in a frame-shift. No point mutation was detected in the open-reading frame of either ort P364 or ort US2515 . Independently of the transformation rescue results described above, these results, in themselves, were strong evidence that hclA and ort are one and the same gene. Figure 5A shows a Northern blot of wild-type and mutant tissues probed with hclA cDNA. A 2.2 kb major transcript was detected in wild-type heads and heads of ort mutants in an allele-dependent manner. Also seen were several minor bands which became detectable when the blot was exposed sufficiently to reveal the presence of low-level transcripts in mutants. eclosed wild-type flies tested. The allele-dependent alterations in the hclA mRNA levels in the ort mutants provided further support to the idea that hclA and ort are the same.
Northern blot analysis
Tissue distribution patterns of ort transcript
If the HCLA protein functions as a subunit of the receptor for the photoreceptor transmitter, histamine, one would expect the hclA gene products to be expressed in the postsynaptic target neurons in the lamina. To determine whether hclA mRNA is expressed in the laminar neurons, we carried out tissue in situ hybridization experiments on wild-type head sections. As seen in 
Analysis of HCLA and HCLB protein sequences
The hclA and hclB genes encode predicted proteins of 485 and 422 amino acids, respectively. 
Discussion
On the basis of the following three independent lines of evidence, we have established conclusively that the CG7411 gene, herein referred to as hclA, mapping to the ort region and proposed to encode a chloride channel in the Drosophila Genome Project database, corresponds to the ort gene.
Firstly, P element-mediated germline transformation of an ort mutant by a cloned hclA cDNA rescued the mutant phenotype. Secondly, sequencing four different ort alleles showed that two of the four carry nucleotide changes that would alter either the expression or the amino acid sequence of the ORT protein.
Thirdly, Northern blot analysis showed that mRNA levels in the mutant heads are altered in an alleledependent manner.
Two groups have recently reported that they isolated cDNA clones corresponding to both the hclA and hclB genes from the information available in the Drosophila Genomic Project database and showed that in vitro transcribed hclA or hclB RNA injected into oocytes forms histamine-sensitive chloride conductances (8,9). Gisselmann et al. (9) showed further that the hclA transcript is expressed in the lamina by in situ hybridization. However, an important unanswered question in Drosophila synaptic transmission is the identity of the receptor for the transmitter released by photoreceptors. While the results of the above papers provide evidence that hclA-encoded channels form histamine-sensitive chloride channels in vitro, they do not provide evidence that these are the ones required in photoreceptor synaptic transmission. Moreover, the in vivo functions of hclA-encoded channels remain unanswered. The present work addresses both these questions.
Since the on-/off-transients of the ERG, known to arise from the laminar L1/L2 neurons, are missing in ort mutants, these mutants are defective in synaptic transmission between R1-6 photoreceptors and L1/L2 neurons. The defect is in the histamine-gated chloride channels on L1/L2 neurons because, in whole cell recordings of L1/L2 laminar neurons, ort P306 showed highly defective histamine-activated currents compared to wild type. Thus, the identity of ort and hclA establishes (1) that the hclA-encoded chloride channels are the histamine-gated chloride channels used in R1-6 photoreceptor synaptic transmission and (2) that this is the in vivo function of the hclA-encoded chloride channels.
Results of in situ hybridization showing labeling in the cortical regions of the lamina by an hclA antisense riboprobe ( Fig. 5B ; also 9), but not with a sense probe, are consistent with this conclusion. The in situ hybridization results of Gisselmann et al. (9) and ours are similar, though some minor differences exist. Both sets of results show labeling of the cortical regions of the lamina, medulla, and central brain, although labeling of the lamina is stronger in the hands of Gisselmann et al. (9) . We also see weak labeling of the photoreceptor layer. These minor differences may be due to the different probes and somewhat different procedures used by the two groups. Since the minor class of photoreceptors, R7/R8, which synapse onto the medulla, are also histaminergic (10,13), labeling in the medulla does not seem surprising. There are also histamine-synthesizing neurons in the central brain (10, 13) . Synaptic targets of these neurons could be responsible for the labeling in the central brain.
The ort P306 mutant, which showed drastically altered EC 50 of histamine-activated currents in the laminar neurons (Figs. 1 & 2) , was found to have an eight-nucleotide deletion in the 5' untranslated region of hclA and to display drastically reduced mRNA levels (Fig. 5A ) . It thus appears that, in this mutant, the deletion in the 5' region affects the expression of the gene, resulting in the production of a very small amount of the HCLA protein .
Since the histamine-gated chloride channels on L1/L2 neurons, in all likelihood, are heteromultimers consisting of at least two different subunits, the subunit composition of the channel is likely to be greatly altered in ort P306 . We speculate that the altered EC 50 of channel activation seen in dissociated L1/L2 neurons of ort P306 ( Fig. 2A) is probably due to altered properties of the channel resulting from a change in subunit composition of the channel. will be important to repeat these measurements, possibly using a different expression system more closely mimicking the native conditions. The possibility should also be considered that there may be additional as yet undiscovered subunits/accessory proteins or posttranslational modifications responsible for these differences.
Alignment of the HCLA and HCLB proteins with other ligand-gated chloride channel subunits disclosed the existence of a number of amino acid positions in the extracellular N-termini of these channel subunits that are occupied by residues specific or preferential for each ligand (Fig. 5B) . We have no experimental evidence either for or against possible in vivo roles of these positions. However, it is intriguing to speculate that they may be important in ligand recognition. If they were involved in ligand recognition, the fact that they are found in both HCLA and HCLB would suggest that both HCLA and HCLB are capable of ligand recognition.
Our sequence analysis shows that the HCLA and HCLB proteins show somewhat higher homology to vertebrate glycine-gated chloride channel subunits than to other subfamilies of ligand-gated chloride channel subunits. Zheng et al., (8) The genes referred to as hclA and hclB in this report have been called, respectively, HisCl2 and HisCl1 by Zheng et al. (8) and DM-HisCl-α1 and DM-HisCl-α2 by Gisselmann et al. (9) . Not only are the names used by these groups different, but even the numbering is opposite from each other. Moreover, these designations are interspersed with capital letters and do not distinguish genes from proteins. For these reasons, we used hclA and B to refer to these genes in his paper. These designations are meant to follow the conventions for Drosophila genes and mutations, which use no more than four letters. The letters A and B were used to distinguish two genes of similar presumed function, with A being assigned to the gene in which mutations have been identified. However, hclA has now been shown to be identical to ort, a name already established in the literature (20) . While we are partial to our designations, we would be happy to support the continued use of the established name, ort, for this gene. 17.4 ± 2.6 mV 2.5 ± 0.7 mV 3.0 ± 1.2 mV 2.9 ± 0.8 mV 3.5 ± 1.4 mV Transformant flies had colored eyes because of the mini-white + gene used as marker, while wild type flies used were white-eyed. The difference in the average peak receptor component amplitude is almost certainly due to the difference in eye color between wild type and transformant flies since screening pigments giving rise to eye colors reduce the intensity of light stimulus. Indeed, white-eyed ort mutants gave similar receptor component amplitude as white-eyed wild type (Fig. 3 A) . The on-/off-transient amplitudes of the transformants shown in columns 5 & 6 were normalized with respect to the wild-type receptor component amplitudes to account for the general reduction in amplitudes in transformants. There were no clearly identifiable on-/off-transients in transformants that were not heat shocked. Numerical values for these transients were obtained by measuring any small deflections of correct polarity by guest on 
